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Abstract

There are a number o possible industriat and scientific applications oi nanosecond cinera:dioqraphs. While
the technology exists to produce clssely spaced pulses of X rays for *his applicelion, the quality of the
time-resolved radiographs is severeiy limited., ihe limitations arisc from tie necessily of using a Tiuores-
cent screen to convert the transmitiea X rays to lTight ana tnen ucing electro-nptical imaning systoms to gate
and to record the imayes with convertiorna! high-sneed cameas. 1L nas beep ornpoccd that in adadition ts tne
time-resolved imzzes, a conventiona, multiply-exnosed rafiourapn L2 cbuained.  Tais raper uses sisuldtions L
demonstrate that tne uddiziconal information sup: Vied by the iultiniy-caposed radiogranh can pe uscd Lo smprove
the quality of digital image restorations of Lne Line-resolved biciurcs uyey wnat couia be achieved with L
degraded images alone., Because of ne need for image redistralict and rubber SHEer LrddsteradLions, whis
problem is one which can best be suived on a digital, as opposed to an optical, computer,

Introduction

At the Los Alaimos Scientific Latcoratory [LASL) rovel imase processing technigues are often devi-loped to
solve problens arising in the unique experiments being carrind out at tnat laboratery.  Hecenl studies relatod
to improving a LASL radiogranhic faciiity raised an interesting ivage orocessing guestion,  Coald 2 valtiply-
exposed, but otherwise undenraded, i=ace be used tn drorove the uality of Jdigita] cocterations ol doaeaapd
versions of Lho indivicual szenes in the nwitiole Lmaters i SIED wre s addvtienal intor
tion, the intuitive anuwor is "yest!”  Tilis paper doranstrates Wis point,  celow w0 descripe an aigorithye Lo
usce the aduitional 1 formation in the multiple cxposure Lo iuurove the reslorations Levund these pessible
with only the degraoded images dand krowledge of the degrading function and 1maue statistics,

; R

LY L Lip

One rarely finds an 1maqing experiment in which separate Tow-auality picturas are obtained alona with a
high-qualily multiple axposure. Ty dustify this study, SU s neerssary sa decribe e radioarainic ovepi-
ment which Ted to 1t MHERMEX ds g 20 MoV eleclran accolorator ab PALL waed bar flasn (Fue., slep=aciinng
radiography of rapidly meving objects.  Advancen in accelerator ftecmolocy have made b possible to peomaee
numbers of intense pulses of & orays unich are closely spaced an Lime,  wien Lhis capability gltra-niai woeed
cineradiagraphy will bo poussible, It will bo possible to produce ab foas’. three 40 nuec burst, st radiation
over a time span of bLetween 4 and 1.4t ;sec. Lbach radiation pulse would have an ntensity ot 10y M.

In a single-pulse flash radiograrny the usual image recording nedium is 1ilm contained in special casuet e,
Because of the sice and weight of trese cav-ettes, the Piln cannot be chanaed between the pulses,  To take
advantaqe of the raltiple pulse copanility being develapea for the ddi il Tacilitv, ib was neces ary o cdo-
velop techniques tor recording numbers o X-ray iaaaes ¢losely spaced i Lises  Ine approach chosen was to
converl the A-ray Seaqes nwa Dignt veades geing o tluorescent soreen, Lighl preoe the tlgoresceont soroen i
then recorded uving o conventronal nigh-speed, olectbrontealiv intensiticd Draming camera,  Since Lhe electro-
optical caera irwiery way peoree fean convenbional vadiagraph,, didital fmadge restoration was necded.  ine
penctrating nature of A rays wakes 14 possible te place o conventienal a-vay 1ilm casetle bhetwoen the obgecd
and th2 fluorcscent woveen, The dvie recowiod on e o Silm would be (he supeeposition of vadliograpin. tee
cach of the radiation pulses.  Fach corponent twane viould have the clarvity of canventional PEEEMD L vadbiogearay.
The possibility ot nbiaining thiv aaditional image tur cach series of time-resolved radiographs sotivated tm,
study.

In this report we will present o codel of the radionephic experiment. (vem which simulations are devived,
The simulations u.e conventicnal phelographs,  An alagoritha tor restoration of Lhe degraded inaaes cons teatned
by the mulliply-c-posed e witl' Lo devived,  txperimental vestorations o the simmlated isagery Wil be
presented,  The work deawnstrates the advantage of using the multiple-expesare an the restaralion sohese.

JREn
Work porforied uider Lhe cuspices of tho [nergy Remearch and Developrent, Administrat jion, Contract
No. 74051 NG-46.
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Linage Model_and Simulations

The degraded, time-resolved imaaes are recrcuented as the convolution of the yndejraded images with a
pointspreacd function. The noivse is considercd to be additive and signal-independent. Using matrix nctation '
the degraded image is given by the expression

9y = H f; +ng i=1,2,...N (1)

where g represcnts the degraded image and f; represents the input image. H is obtained from the point spread
function and n is the noise term. The multiple exposure is given by the expressio:

f =% ¢ (2)
i=

-—

For ordinary ligh@ photography the quaritities f; in Eq. (2) would be 1ight intencities. For high-energy
X rays recorded without fluorescent 1qcensif1caticn screens the film density nf the radin~waph is nroportional
to the incident radiation intensity.{<) Tor X rays the fi's in EG. (4) could be film densities.

We used threr photoaraphs of similar nbiects with large reqions of relatively niqh density to cimulate the
fi's. Figure 1 shoss one of the sdigitized irages. “igure ¢ is the simuiated multiple-exposure imaqge, The
simulated pointspread tunction was a Gaussian with a standard deviati.n of 1.4 pixels. The noise tunction was
a white, zero-mean Gaussian with a standarc deviation ot 0.04 density units. The siynal-to-noise ratio was
about 20 db. Figure 3 shows the simulation cf one of tne degraded irmaqge..

—
p—
b .
; :
Fig. 1. Original Image Fig. 2. Simulated Multiple-

exposure imagr (scaled)
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Fig. 3. Simulated degraded
image



RESTORATION Al G7iti M
One approach to restoring the g;'s is to seek an estiuate fi wiich will minimize
N AT .
Z (g‘ = Hf1) (91 - Hf]-) (3)

i=1
subject to the constraint

N
fm =2 fi \4)
i=1

[1 these equations N i: the number of degraded images. The solution is obtained ucirj Lajranze rultipiiers.
M'nimize the quantity

N N
s =Z (gi - Hfi)T(gi b Hf'i) * )T(fln _z f'i) (£)
i=1 i=1

T - , D .
is a row vector of N Lagrange multipliers. After carrying out thc minimization
exists, Lhe solution is

with respect to the ?i's.]
of s and as:uming that H~

- N-T -1 1 -1
fi =" gi*N'[fM‘Z sy ] &)
i#i=1 I

While the existence of H-] could be questioned, Fg. (6) is very casy to derive and analvze.  This nxpression
for ?i is the essence of this paper, Tne solution is very setistving intaivively. o5 % owore ©, then the
undegraded "multinle” "imane i< tne :clution. As 'increases. oar abilite wo gnserastte bae oogliinde amane
decreases. Theorefore, wn reiy mere on the ctrarehireird ros tovatios for tne sabobyore . e wonld eapocd

that in regions where the rostaranicns o Lhe oLher §eaes dve poor, resiabess witl g in Yo soeend tor,

These residu. 1l appear a5 "qoeses” in the constrained restosation,,  fiee ar s Lariloaidrsy eviaent in nisn-
contrasl rcgiuns ot Lie imaqgen. Ghosts will be unavoidably i tuportect ainbal processing iy used.,

The followin:g derivations show that the form of [g. (&) hold, for otier voutoraticn scheres,  Les fi booa
linear combinatinn ol Lome arbitrary restoration '%)(”i) and the difference {1y ~ o ,y?ﬂgi)]. Let fy. (4
be a constraint. J

">

i = a -% ((Jl‘ + f‘[fM - Z v’/l) (lll)] (7}

Jti

Sum the fi's to obtain

N t N
fy = i Eil,ﬁ? (5;) + oMy - o (N-1) :L: ) (8)
il i-1 i=

conscquently, & = 1/N and .. = (H-1)/1,

Now consider the rescoration which minimizes the expecied value of the total error between the fi'u and

the ?i's.

N
Minimize: ELY (f, - 'riJT[ri - 1] (90)
i=]

where El=-«) 4 Lthe expected value,  Substituting Lg, (7) inty g, (9a) and assuming 2 (¢

) Nqi where W oy
a lincar operator one obLains Lhe expression

1.
4
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. -~ Hg.|2 l . {9b)

e N1 L 1
Minimize: £ { lfi N Wg, Nin* W

If one e«pands the terms irside the summation, sums each term, differentiates with respect to V', and sets the
result equal to zero. Eq. (9b) becomes

N N
2
2(N-1 i, 2(N-1)
* Lﬁ?_l_ :z: Hg;9; N Fu :E: §i
i=1 i=1

‘i?'”ZN:(Z":)(?: giT)l " "o

N
Multiplying Eq. (10) by N/2, factoring out W, and using the short hand I ~ :E: 9; one finds
i=1

J o b na ] el o

Using Eq. (1) and assuming rlfn 1= 0, then EIT, i9; T = L{f f HT} with the usual assumption thal the images
are 1ndepcndan and are drawn from a zero mean ensemblo, Lhon [’f f = 0, If ergoricity holds,
E{1 f = [[f F . Therelure, subscriote can be dropped. W, thL restorutlon filter that produces the min-

lmum neen squaro error, is given Ly

e E{ff wmo - (12)
H E[ff }H + [[nn J

This is tae standard Wicner filter often used in image processing. The Filter which minimizes the mean square
error for the N images with Lhe constraint is the filter which minimizes the mean square crror Tor cach image
separately.

RESULTS OF IMAGE PROCISSING

We restored Lhree sinulated, degraded images using both conventional Wiener restorations and the approach
given in Lq. (7). Tablc 1 qives Lthe mean square ervor between Lhe two restorations and Lhe oviginal diaaes.
Figures 4-9 show restoration pairs for the three simulations.  The ifmprovemen® in the mean <quare error and
the superiority of the constrained restoration needs no further elaboration,



Table 1.

Comparison of Mean Suuare Errors
for Wiener and Constrainea restcration

N N |
n AL
MSE = — EREL IR
N SRR

=1 j=1

Image Mean Square Error
Number |- Wicner Constrained

1 9.6 x 1073 5.0 x 1073
2 8.u x 1073 4.6 x 1073
3 7.2 x 1673 3.8 x 1073

Further study will conlinue into the effects of mu-e severe degradations and wore severe noise., The
tion of a different degradation of the multiple image is also baing studied, AU this point we nave o .
the additicnal information provided by the multiple image can be used to improye restorations of tne i
time-resclved images.
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Fig. 4. .lmage 1 restored using Fig. 5. Contraincd restoration
Wiener Filter of Image 1
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lllg. 0. lln;.lqu Sorestured using Fig. 7. Conlrained rostoralion
Wicner Filter of Image 2
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Fig. 8. Image 3 restored using Fig. 9. Constrained restoration
Wiener Filter

Andrews, H. C. and Hunt, B. R.,
tierz, K. H.,

of Image 3
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